Retrovirus-like particles were secreted in a steroiddependent manner by the human mammary carcinoma cell line T47D. The particles exhibited typical retroviral properties such as their electron microscopic appearance (95 nm in diameter) and occasional budding, sedimentation at 1.14 g/ml, reverse transcriptase activity and genomic RNA. The T47D particles were related to mouse mammary tumour virus (MMTV) as shown by their ultrastructural appearance (B type-like eccentric dense cores and budding), Mg z+ dependence of the reverse transcriptase activity; immunological reactivity with MMTV-directed antibodies (revealing proteins of 63K, 52K, 26K and 18K), and hybridization of particle RNA with MMTV DNA under stringent conditions. Purified particles were able to incorporate deoxynucleoside triphosphates in the absence of an exogenous primer and template, thus indicating the existence of a complete and biochemically functional reverse transcription apparatus (reverse transcriptase, RNA and primer) and the ability to direct endogenous cDNA synthesis. Labelled particle cDNA hybridized strongly to human genomic DNA but not to mouse and cat DNA, thus indicating the human origin of the T47D particles. Furthermore all human DNAs, hybridized with the labelled particle cDNA, showed a uniform hybridization pattern of restriction fragments, indicating the endogenous origin and distribution of the proviral particle DNA in the human genome.
Introduction
Retroviruses (Varmus, 1988) , are known to be involved in a wide range of animal neoplasias (Weiss et al., 1982; Gross, 1983) and to participate in the development of human T cell leukaemia/lymphoma (Poiesz et al., 1980) and AIDS (Wong-Staal & Gallo, 1985) . The possibility that retroviruses are involved in other human cancers has been considered (Hehlmann et al., 1976; Weiss, 1984) and supported by the identification of human genomic retroviral sequences and oncogenes related to retroviral sequences (Varmus, 1984; Bishop, 1987) . Experimental data showing that the retrovirus mouse mammary tumour virus (MMTV) is involved in mammary tumorigenesis in mice (Moore et al., 1979; Michalides et al., 1983) support the idea that human MMTV-related retroviruses might also exist and be involved in human breast cancer. Indirect evidence for this hypothesis has accumulated during the last 20 years (for review see Weiss, 1984) and is based on (i) immunohistochemical detection of MMTV-related antigens in human breast , Present address: Institut f/Jr Retrovirale Technologie, Mistralstrasse 10, 8044 Unterschleiflheim, Germany.
0001-0531 © 1992 SGM cancer tissue (Mesa-Tejada, 1978 Hehlmann et al., 1981 Hehlmann et al., , 1983 Keydar et al., 1982; Grssner et al., 1985) , (ii) identification of human genomic retroviral sequences related to MMTV (Callahan et al., 1982; Callahan, 1988 , Deen & Sweet, 1986 May et al., 1983; May & Westley 1986 , 1989 Ono et al., 1986; Franklin et al., 1988) with occasional expression in human mammary cancer cell lines (Ono et al., 1987; Franklin et aL, 1988) and (iii) detection of human MMTV-related RNA (Axel et al., 1972a , Vaidya et al., 1974 , proteins (Ohno et al., 1977; Segev et al., 1985) , cores (Michalides et al., 1975) and retrovirus-like particles in human milk (Moore et al., 1971; Vaidya, 1973) , in monocytes from breast cancer patients (A1-Sumidaie et al., 1988) , in breast cancer tissue (Axel et al., 1972b) and in the human breast cancer cell lines MCF-7 (McGrath et al., 1972) and T47D (Keydar et al., 1984) . Among the rather limited experimental data on human particles related to MMTV, those provided by Keydar and coworkers have been described in more detail. The human mammary adenocarcinoma cell line T47D (Keydar et al., 1979) has been reported to secrete retrovirus-like particles after treatment with steroid hormones (Keydar et al., 1984) . The particles have been shown to exhibit some retroviral properties (Keydar et al., 1984) , to contain proteins immunologically related to MMTV (Segev et al., 1985; Keydar et al., 1986) and to have a rather heterogeneous morphology (Keydar et al., 1986 ). However there is still a lack of information about the biological function of the particles, their relationship to MMTV at the genomic level and the sequence of the particle genome. Also the human or non-human nature and the endogenous or exogenous origin of the particles are unknown.
Further investigation of the particles has been impeded by low reproducibility of their detection and production, and by the small amount of particles produced under the conditions described by Keydar et al. (1984) . The limited evidence, the experimental difficulties as well as the lack of the information mentioned above have given rise to much controversy about the existence of human retroviral particles related to MMTV. Therefore our experiments were aimed at providing conclusive evidence and characterization of the particles and at establishing reproducible experimental conditions, to provide the answers to the open questions mentioned above.
Here we demonstrate the existence of human retrovirus-like particles related to MMTV. The results provide clear evidence for both the human origin and the retroviral nature of the particles and for their relationship to MMTV at the morphological, biochemical, immunological and genomic levels. Also the endogenous origin of the particles is documented.
Methods
Cellculture. The T47D cell line, provided by Dr I. Keydar (Tel Aviv, Israel) , was originally established from the pleural effusion of a patient with mammary adenocarcinoma (Keydar et al., 1979) . The cells were cultivated for approximately 200 passages. They were free of mycoplasmal infection, as indicated by periodic staining with bisbenzimide (Hoechst dye H33258). For propagation on a small scale, T47D cells were grown in 25 cm: flasks (Falcon) at 37 °C in a CO2-free atmosphere in RPMI-1640 medium containing 5% foetal calf serum (FCS), 0-02 units/ml insulin and 25 mM-HEPES. For large scale culture up to 10 l° (approx 150 g) T47D cells were cultivated in glass roller bottles (BeUco Glass) on a 50000 cm 2 growth area at 37 °C in an Autoharvesting system (Bellco Glass) using the medium described above.
CK (cat kidney) and GR cells provided by B. Salmons and W. Giinzburg were cultured in DMEM supplemented with 10~ FCS.
Production of T47D particles. T47D cells grown to confluence were stimulated for the production of retroviral particles by successive treatment with 10 -9 M-oestradiol and I0 -s M-progesterone for 2 days each according to an established protocol (Keydar et al., 1984) . The hormones were administered in a basal medium containing RPMI-1640, 25 mM-HEPES, 0-2 units/ml insulin, 2 mM-glutamine, 50 units/ml penicillin and 50 ~tg/ml streptomycin. On the first day of oestradiol treatment the basal medium was supplemented with 5 % dialysed FCS. Cell culture supernatants were harvested daily and replaced with fresh medium. Aliquots were taken to determine reverse transcriptase (RT) activity.
Purification of T47DparticIes. Cell culture supernatants were clarified by centrifugation for 15 rain at room temperature and 1000 g (Centra-8, IEC) and for 30 rain at 4 °C and 12000g . Supernatants were pooled and stored at -20 °C. Batches of 20 to 40 1 were subjected to continuous flow ultracentrifugation on a linear 20 to 50% sucrose density gradient at 90000 g and 4 °C and a flow rate of 91/h (Beckman L5-50; rotor CF-32). Supernatants were stored at -20 °C for further analysis of soluble retroviral proteins. The rotor content was collected in fractions (15 ml each) and analysed for the content of sucrose (refractometry), proteins and nucleic acids (absorbance at 260 nm and 280 nm). Fractions were then diluted 1 : 2.5 in PBS and subjected to ultracentrifugation for 2h at 4°C and 100000g (Beckman L5-50; rotor SW27). Particulate pellets were resuspended in PBS and analysed for protein content, RT activity and anti-MMTV reactivity.
Protein assay. The protein content of samples was determined by reaction with bicinchoninic acid as described previously (Smith et al., 1985; Redinbaugh & Turley, 1986) .
RT assay. Samples were lysed by incubation in a buffer containing 10 mM-Tris-HCl pH 7.4, 5 mM-DTT, 2 mM-PMSF and 0.2~ NP40 for 30 min on ice. RT activity was assayed by using [3H]dGTP as substrate, oligo-deoxyguanosine triphosphate (oligo-dG) as primer and polyribosylcytosine triphosphate (poly-rC) as template. The amount of radioactive (TCA-precipitable) poly-dG was measured. The assay was performed as described previously (Faff et al., 1989) .
ELISA. Samples were coated on microtitre plates (Greiner) at 4 °C overnight in a 50 m~-carbonate-bicarbonate buffer pH 9.6 (coating buffer). Uncoated sites were blocked with 1% (w/v) BSA in coating buffer for I h at room temperature. After washing with PBS containing 0-1% Tween-20 (wash buffer) the plates were incubated for 2 h at room temperature with polyclonal rabbit anti-MMTV, anti-gp52 (MMTV) or normal/preimmune sera (dilution 1:1000), washed as described above and further incubated for 2 h at room temperature with a peroxidase-labelled goat anti-rabbit IgG (Bio-Rad) (dilution 1 : 3000). After washing, the plates were incubated with substrate solution containing 1 mg/ml o-phenylenediamine and 0.006% H202 in Mcllvaine's buffer (37mM-citric acid, 100mM-Na2HPO4.H20, pH 6-0). Colour development was measured kinetically at 455 nm in an microplate photometer (SLT 210; SLT-Labinstruments).
PAGE. Protein patterns were analysed by discontinuous denaturing PAGE. Gels were polymerized according to Laemmli (1970) with 4% acrylamide/0.9% bisacrylamide in the stacking gel and 10% acrylamide/0.9% bisacrylamide in the separating gel, both containing 0-1 SDS. Protein samples were denatured by incubation for 10 min in boiling water in a sample buffer containing 55 m~-Tris-HC1 pH 6.8, 4% (v/v) mercaptoethanol, 1% SDS, 4~ glycerol and 0.001% bromophenol blue. Electrophoresis was carried out for 6 h in a Protean II slab cell (Bio-Rad) using 25 mM-Tris-glycine buffer pH 8.3, 0.1% SDS and a current of 25 mA (stacking gel) and 35 mA (separation gel). Gels were stained with 0.1% Coomassie blue R-250 in 40 % methanol and 10% acetic acid for 30 min at room temperature and destained in a solution containing 40% methanol and 10% acetic acid.
Western blotting. Proteins separated electrophoretically were blotted on nitrocellulose (Schleicher & Sch/ill) for 40 rain at 250 mA in a PolyBlot Transfer System SBD-1000 (American Bionetics) using electrode buffers as described (Kyse-Andersen, 1984) . Unoccupied sites on the nitrocellulose were blocked with 5% BSA in PBS for 4 h at room temperature. The nitrocellulose was cut into strips, which were dried and stored at -20 °C. The strips were incubated for 2 h at room temperature with the first antibody (polyclonal rabbit anti-MMTV, anti-gp52 or normal serum) (dilution 1:200) in PBS containing 1% BSA, 0.3% Triton X-100 and 1 mM-EDTA (WB incubation buffer). After washing in PBS containing 0.3% Triton X-100 (WB wash buffer) the strips were incubated for 1 h at room temperature with a peroxidase-labeUed goat anti-rabbit IgG (Bio-Rad) (dilution 1 : 3000) in WB incubation buffer, washed as described above, flushed (twice for 3 min) with substrate buffer containing 20 mM-Tris-HC1 pH 7.4 and 200 mMNaC1 and incubated with 0.03 % diaminobenzidine and 0.006 % H202 in substrate buffer. After colour development (10 to 30 min) the strips were washed with distilled water and dried.
Uridine labelling of RNA. T47D cells were stimulated for particle production as described above in the presence of [5-3H]uridine at 5 pCi per ml growth medium (Amersham, 150 mCi/mg). Culture supernatants were layered over a cushion of 25% sucrose in TNE buffer (10 mM-Tris-HCl pH 7.4, 150 mM-NaC1, 2 mM-EDTA) and centrifuged for 100 min at 4 °C and 100000g. Pellets were resuspended in PBS, layered over a sucrose-gradient (20 to 60% in TNE) and subjected to equilibrium centrifugation for 16 h at 4 °C and 200000 g. Fractions of 500 ~tl were collected and analysed for sucrose content. Incorporated (TCA-precipitable) radioactivity was determined as described previously (Faff et al., 1989) .
RNA dot blot analysis. Particulate fractions collected after gradient ultracentrifugation and cell suspensions of T47D, GR and CK cells were applied to nitrocellulose in a Minifold filtration device (Schleicher & Schfill) and prepared for RNA hybridization as described by Paertakul et al. (1988) . Filters were hybridized in 4 x SSC (75 mMNaC1, 7.5 mM-sodium citrate), 10 mM-EDTA, 0.1% SDS and 20 Ixg/ml carrier DNA at 65 °C with a DNA fragment containing MMTV LTRgag-pol-env-LTR from a pGR2 or pWG29 plasmid (G/inzburg & Salmons, 1986) . Specific activity was greater than 5 x l0 s c.p.m./txg multiprime labelled MMTV-DNA. Filters were washed stringently at 65 °C in 2 x, 1 x and 0-5 x SSC (20 min each) and exposed on Kodak X-Omat-AR (S) films for autoradiography.
RNA slot blot analysis. Total RNAs were prepared from T47D, CK and GR cells and from purified T47D particles by the guanidinium isothiocyanate method described by Maniatis et al. (1982) . Aliquots of RNA were denatured and transferred to nitrocellulose in a slot blot manifold (Schleicher & Schfill) as described by Ponta et al. (1983) . Hybridization, washing and exposure for autoradiography were performed as described above.
Southern blot analysis. Genomic DNA of different animal species was digested with restriction enzymes. The resulting fragments were separated electrophoretically in 0.8% agarose gels and transferred to nylon membranes as described by Southern (1975) . Filters were prehybridized for 2 h at 65 °C in 3 x SSC, 0.05 M-NaH2PO4 pH 6.5, 0.5 % SDS and 0.7 % powdered milk. Hybridization was carried out for 20 h at 65 °C in 3 × SSC, 0.02 M-NaH~PO4 pH 6.5, 0.5% SDS, 0.7% powdered milk and 2.6 x 106 c.p.m./gg denatured 32p-labelled cDNA. Filters were washed at room temperature for 30 min in 2 x SSC, 0.25% powdered milk and at 65 °C for 2 h in 0-1 x SSC, 0.1% SDS.
cDNA synthesis. Double-stranded 32p-labelled cDNA was prepared by generating single-stranded cDNA in an endogenous RT reaction containing dATP, dTTP, dCTP, dGTP at 100 ktM each, [32p]dCTP (5 IxCi), 0.1% NP40, 1 mM-DTT, 0.5 mM-PMSF, 5 mM-MgC12, 40 mM-KCI and 35 pg of purified T47D particles. The second strand was synthesized according to a protocol provided with the Amersham cDNA synthesis kit. Double-stranded cDNA was purified by phenol extraction and salt-ethanol precipitation according to standard procedures.
Electron microscopy. Hormone-stimulated T47D cells were fixed in 2.5% glutaraldehyde in PBS for 1 h at room temperature, scraped off with a rubber policeman, washed in three lots of 10 ml PBS by centrifugation (5 min at 500g; Centra-8, IEC) at room temperature, and processed further as a cell pellet. Cells were post-fixed in chromeosmium, dehydrated in alcohol and embedded in Epon according to standard procedures. Thin sections were stained with uranyl acetate and lead citrate in an LKB Ultrostainer and viewed in a Zeiss EMIO CR electron microscope.
Antigens and antisera. MMTV particles purified from the milk of RIII mice, and polyclonal rabbit antisera directed against purified MMTV particles and the MMTV gp52 protein, were prepared previously in our laboratory by Dr J. Baumgarten.
Results

Detection of T47D particles
The T47D cell line was established from the pleural effusion of a patient with mammary adenocarcinoma. Its human origin has been demonstrated by iso-enzymatic and cytogenetic analysis (Keydar et al., 1979) . Contamination of the T47D cell line with MMTV has been ruled out by the results of Southern blots of T47D DNA with MMTV DNA showing hybridization signals at low stringency but not at high stringency (May et al., 1983) . The human origin and the absence of MMTV contamination was confirmed in the T47D cells cultured in our laboratory by cytogenetic and Southern blot analysis (data not shown). The cells were cultivated for approximately 200 passages, having an average doubling time of 40h and a passage rate of 7 days. The CO2/air environment was replaced by 25 mM-HEPES buffer to enable cultivation of T47D cells in a closed roller bottle system. This replacement did not affect the cell growth or the secretion of T47D particles (data not shown). Optimal cell growth was observed to be at 5 % FCS and 0-02 units/ml insulin.
Thin sections of steroid hormone-treated T47D cells viewed in the electron microscope showed retrovirus-like particles approximately 95 nm in diameter, the majority collected in groups in the extracellular space (Fig. 1) . Budding, immature and mature forms were seen. Immature forms had the appearance typical of retroviral particles, with concentric dense rings surrounding a more lucent centre, whereas mature forms somewhat resembled the B type virus (mouse mammary tumour), with an eccentric dense nucleoid within an otherwise electron-lucent central core (Moore et al., 1979) .
RT activity was detected in the supernatants of the hormone-stimulated T47D cells (Fig. 2) . The cells secreted a low level of RT activity during the normal growth phase (GP), i.e. in the absence of exogenous hormone stimulation. This level increased about three-to five-fold during stimulation with steroids, reaching a maximum level on day 3 and decreasing thereafter. This decrease of RT activity presumably resulted from damage to the cells in the last stimulation phase, RT activity in the supernatants of particle-producing T47D cells during stimulation with oestradiol and progesterone. Fifteen ml aliquots were collected daily, layered over 2 ml of a cushion containing 20~ sucrose in PBS and centrifuged for 90 min at 100000g and 4 °C (Beckman L5-50 rotor SW27.1). Pellets were resuspended, lysed and subjected to RT assay as described in Methods. GP, growth phase on day 0; ED1 and ED2, oestradiol treatment on days 1 and 2; P1 and P2, progesterone treatment on days 3 and 4. Background radioactivity was 2600 c.p.m.
indicated by progressive cell detachment and loss of cell viability (60~ trypan blue exclusion compared to 95 ~ in the GP). The overall level of RT activity was relatively low throughout the stimulation period, not exceeding 7500 c.p.m./ml cell culture supernatant.
Purification and immunological characterization of T47D particles
T47D particles were purified from cell culture supernatants as described above. The fractions collected after continuous flow ultracentrifugation showed a linearly increasing density, and an absorbance profile at 260 and 280 nm suggesting the presence of proteins and nucleic acids mainly in fractions 12 to 16 (Fig. 3a) . Immunological cross-reactivity with MMTV-directed polyclonal antisera was found in fractions 10 to 19 and fraction 23 whereas RT activity was detected only in fractions 13 to 17 (Fig. 3 b) . The presence of anti-MMTV reactivity and the absence of RT activity in fractions 10 to 12, 18, 19 and 23 might well indicate the presence of immature retroviral proteins associated with cellular organelles prior to particle formation, e.g. Golgi vesicles (1.10 g/ml sedimentation density). Fraction 23 might contain translated retroviral proteins still bound to ribosomes, known to sediment at 1.60 to 1-75 g/ml.
Fractions 10 to 12, 13 to 17 and 18 and 19 were pooled and analysed further. The pool containing both anti-MMTV reactivity and RT activity (fractions 13 to 17) had a density range of 1.12 to 1.17 g/ml with a value of 1.14 g/ml at the profile peak, thus covering the typical density for retroviruses of 1-16 g/ml (Beard, 1963) . These sedimentation data, combined with the RT activity, suggested the presence of retroviral particles in fractions 13 to 17. Western blot analysis of the different fraction pools revealed that pooled fractions 13 to 17 contained at least two proteins (p63 and p52) reacting with several polyclonal MMTV-directed antisera (Fig. 4, lane 1) . One of these, p52, reacted with antiserum directed against the MMTV glycoprotein gp52 (Fig. 4, lane 3) . Proteins of 26K (Fig. 4, lane 1) and 18K (not shown) reacting with anti-MMTV sera were occasionally observed. Pooled fractions 10 to 12 contained only the p63 protein and fractions 18 and 19 only the p52 protein (not shown). These data, combined with the indication that fractions 10 to 12 contain viral proteins packaged into Golgi vesicles, suggest that p63 may be a precursor of p52. A similar conclusion was made by Segev et al. (1985) regarding the human MMTV-related proteins gp68 and gp60 detected in T47D culture supernatants.
The M~ values of the MMTV-related proteins, i.e. 63K, 52K, 26K and 18K, were somewhat different to those of 68K and 60K reported by Segev et al. (1985) . They were however close to the Mr of proteins (67K, 50K, 23K and 14K) shown to react with the serum of a healthy investigator who had been working with T47D cells and particles (Keydar et al., 1986) .
Characterization of the T47D particle genome
The T47D particles were further investigated for their content of nucleic acids and the nature of the latter. T47D cells were stimulated for particle production in the presence of [3H]uridine. Biochemical analysis of culture supernatants on sucrose gradients revealed a (TCAprecipitable) radioactivity peak at 1.14 g/ml overlapping the peak of RT activity (Fig. 5) . After preparation of R N A from the pooled fractions containing both incorporated uridine and RT activity, all the radioactivity was recovered in the ultracentrifugation pellet the resuspended pellet for 1 h at 37 °C resulted in almost complete loss of TCA-precipitable radioactivity (471 + 50 c.p.m./50 ~tl aliquot). These results strongly indicated that the T47D particles contained RNA. To investigate the relationship of particle R N A to MMTV, aliquots from the sucrose gradient fractions were spotted onto nitrocellulose filters and hybridized to full-length MMTV DNA. A weak but evident hybridization profile was detected in the fractions containing both incorporated uridine and RT activity (Fig. 5) , suggesting that the particles contained MMTV-related RNA. This finding was confirmed with RNA prepared from purified particles. A strong hybridization signal was observed with virtually undetectable amounts (A26o) of particle RNA (Fig. 6) . A weak signal was also detected with total RNA from T47D cells stimulated for virus production ( Fig. 5 and 6 ). The specificity of hybridization was confirmed by a strong signal with total R N A from G R cells containing MMTV RNA and by the lack of a signal with total RNA from CK cells, which do not contain MMTV-related sequences ( Fig. 5 and 6 ). These hybridization data clearly provide evidence for the relationship between T47D particles and MMTV at the genomic level.
Biochemical functionality of the T47D particles
The particles were further investigated for their ability to perform endogenous synthesis of cDNA. Purified and lysed T47D particles (fraction pool 13 to 17) were incubated with deoxynucleoside triphosphates (dATP, dCTP, dTTP, [3H]dGTP) in the absence of an exogenous RNA template and primer. A time-dependent increase of TCA-precipitable radioactivity was observed (Fig. 7) , indicating the incorporation of dNTPs. The apparently low level of endogenous d N T P incorporation resulted from the use of a mixture of dNTPs with only one labelled component (dGTP). Since incorporation of dNTPs can be performed by terminal transferases and D N A polymerases as well as by RT, the specificity of the endogenous reaction was investigated. T47D particles were incubated with dNTPs in the presence of the RT inhibitor azidothymidine triphosphate (AZT-TP), known to inhibit RT and the mito- The reaction mixture (100 gl) contained dATP, dTTP, dCTP at 100 gr,! each, [3H]dGTP (100 gCi) at 75 gM, 0.1~ NP40, 1 mM-DTT, 0.5 m~,i-PMSF, 5 mtd-MgClz, 40 mM-KCI and 35 lag T47D particles. Triplicate aliquots (6-5 111 each) were taken at the times indicated, treated with cold 10~ TCA and processed for radioactivity measurement as described in Methods.
chondrial y DNA polymerase but not the ~ and fl DNA polymerases (Ono, 1989) . The incorporation rate of dNTPs was inhibited by about 50~ at 300 nM-AZT-TP (Fig. 7) ~ The sensitivity of dNTP incorporation to inhibition by AZT-TP suggested indirectly the absence of terminal transferase activity. The presence of contaminating dGTP-polymerizing terminal transferase activity was directly excluded by the failure of lysed particles to incorporate [3H]dGTP in the absence of dATP, dTTP and dCTP (not shown). Replacement of Mg z+ by Mn 2+, which is required for both terminal transferase and for y DNA polymerase activity resulted in a 40~ reduction in dNTP incorporation by T47D particles, again indicating that the endogenous reaction was performed by RT rather than by a mitochondrial DNA polymerase. Moreover it is unlikely that contaminating mitochondrial D N A polymerases are present at the (particle) sedimentation density of 1.14g/ml since mitochondria and soluble proteins sediment at densities of 1.19 and 1.30 g/ml respectively. Taken together, the exogenous RT activity of the particles, the inhibition of endogenous incorporation of dNTPs by AZT-TP and the lack of contamination by terminal transferases and DNA polymerases indicated specific incorporation of dNTPs by reverse transcription, the existence of an endogenous primer (presumably tRNA) and thus the biochemical integrity of the particles.
Biological origin and distribution of the T47D particles
Although the human nature of the T47D cell line had been shown, the origin of the T47D particles was not known. Additionally no information about the existence or distribution of the particles in other human cell lines, tissues or individuals was available. To investigate these questions, labelled double-stranded eDNA was prepared from purified particles and hybridized to genomic DNAs from different human individuals and other species (mouse and cat). The first strand of eDNA was transcribed in a selective manner using the biochemical integrity of the particles, i.e. their endogenous RT, RNA and specific primer. Thus the transcription of potential contaminating non-retroviral RNA species could be avoided. The second strand of the eDNA was synthesized by using Klenow enzyme and reagents of a eDNA synthesis kit (Amersham). Both reactions were performed in the presence of [32p]dCTP thus yielding labelled double-stranded eDNA. Extracted and purified labelled eDNA (2.6 x 106 c.p.m./gg eDNA) was hybridized directly (without further labelling) under stringent conditions (68 °C) to filters containing human genomic DNAs as well as mouse and cat DNAs digested with different restriction enzymes (EcoRI, HindIII, PstI) .
At high stringency, no hybridization signal was detected with mouse and cat DNA (EcoRI, HindIII, PstI, lanes m and c) (Fig. 8) . Their presence had been confirmed by ethidium bromide staining of the gel and, for the mouse DNA, by hybridization with MMTV DNA (not shown). The absence of any hybridization signal with the mouse DNA (containing endogenous MMTV sequences), demonstrated that the T47D cell line is not contaminated or infected with MMTV. Furthermore these results indicated that the cDNA from the T47D particles is of human origin. All three of the human DNAs revealed the same pattern of bands when hybridized to labelled particle cDNA (Fig. 8, lanes hi, hE and h a ) indicating restriction fragments of 1.44 kb, 1.23 kb and 0.68 kb in the PstI digest, 2-12 kb and 1.44 kb in the HindIII digest and 7.9kb, 3.9kb, 3-0kb, 1.76kb, 1-4kb, 0-67kb and 0.39 kb in the EcoRI digest. The uniform hybridization pattern indicated the presence of the particle genome in each of the three individuals tested. An additional set of eight human DNAs digested with EcoRI and hybridized with the labelled particle cDNA revealed similar banding patterns (7-9 kb, 3.9 kb, 1.76 kb and 0-39 kb; not shown). The presence of similar restriction fragments in all l l human DNAs thus strongly indicated the endogenous origin and distribution of the particle genome in man, revealing for the first time a linkage of an endogenous retroviral sequence to a biochemically functional particle.
Discussion
The existence of human retroviral particles related to MMTV and their possible involvement in mammary cancer is still questioned although their presence has been reported in a number of studies (Moore et al., 1971 ; Axel et al., 1972b; McGrath etal., 1972; Vaidya, 1973; Keydar et al., 1984; A1-Sumidaie et al., 1988) . This may be partly due to limited evidence or experimental difficulties (availability of large amounts of particles) that have impeded further investigations and/or due to the lack of evidence about the biological function, origin and distribution of these particles.
The data in this study confirm and considerably extend existing findings, providing clear evidence for the existence of human retrovirus-like particles, their relationship to MMTV and for their endogenous origin. The retroviral nature of these particles was demonstrated by ultrastructural morphology, sedimentation density, RT activity and presence of genomic RNA. Furthermore the particles were biochemically completely functional, being able to incorporate dNTPs specifically by using their endogenous RT, RNA and (presumably tRNA) primer.
The relationship of the T47D particles to MMTV was demonstrated at the morphological, biochemical, immunological and genomic level. Immunological reactivity of human proteins with MMTV-directed antisera does not necessarily imply their retroviral origin, considering the possibility of molecular mimicry. However the particulate origin of the human MMTV-related proteins from pooled fractions 13 to 17, and the similarity of their Mr values to those of known MMTV proteins, strongly suggest their retroviral nature. The detection of an anti-MMTV reactive 26K protein might additionally indicate a matured, i.e. functional stage of the T47D particles, analogous to the MMTV 27K core protein, which is known to be generated by proteolytic cleavage from a 34K precursor inside MMTV particles after budding (Dickson & AtterwiU, 1978) .
The relationship of the T47D particles and MMTV at the genomic level was demonstrated by a stringent hybridization signal associated with gradient fractions containing incorporated uridine and RT activity (Fig. 5 ) and with isolated particle RNA (Fig. 6) . The strong hybridization signal under stringent conditions (65 °C) with virtually undetectable amounts (,426o) of particle RNA (Fig. 6) indicates a high similarity between MMTV RNA and the particle genome.
Labelled cDNA prepared from purified T47D particles has been shown to hybridize exclusively with human genomic DNA but not with mouse and cat DNA (Fig. 8) . Although additional species need to be tested, these results indicate a human origin for the particles.
Since an uncloned particle cDNA prepared directly from purified T47D particles has been used as a hybridization probe, the specificity of retroviral positive hybridization might be doubted because of the possible interference of non-retroviral RNA or DNA contaminants in the virion sample. However this possibility could be excluded by selective transcription of the particle RNA in an endogenous reaction (using purified whole particles and their specific endogenous primer) and by labelling the cDNA during its synthesis, thus avoiding labelling of possible DNA contaminants. Upon hybridization with labelled particle cDNA a uniform band pattern has been observed in all human DNAs isolated from different individuals, e.g. the EcoRI restriction fragments of 7.9 kb, 3.9 kb, 1.76 kb and 0-39 kb. This finding shows that the T47D particles are not an artificial cell culture product, artefact or contaminant of the T47D cell line but a widely distributed genomic component in man derived from endogenous retro-elements. These data indicate for the first time a linkage between an endogenous retroviral genomic sequence and a biochemically functional retroviral particle.
Little is known at present about the genomic sequence of the T47D particles; this is currently under investigation in our laboratory. However the existence of MMTVrelated retroviral sequences in the human genome has been reported (Callahan et al., 1982; Callahan, 1988; Deen & Sweet 1983; May & Westley, 1983 , 1989 Ono et al., 1986; Franklin et al., 1988) . Some of these sequences contain open reading frames for retroviral gene products and are constitutively expressed in different cell lines (Franklin et al., 1988) or their expression can be induced, for example in the T47D cell line (e.g. HervK10) (Ono et al., 1987) . The expression of HervK10 sequences in T47D cells is induced in the same steroid-dependent manner reported for the secretion of the T47D particles (Keydar et al., 1984) , suggesting that HervK 10 sequences may be related to the particle genome or even represent the proviral copy of the latter. This hypothesis is being investigated currently in our laboratory.
As yet there is no clear information or evidence for the infectivity or the biological role of the T47D particles. The question of biological function has recently gained in importance in view of newly published data which show that in the mouse system MMTV is involved in the induction of immunosuppressive and autoimmune processes by encoding Mls (minor lymphocyte stimulating) superantigens (Acha-Orbea & Palmer, 1991) . Evidence for this was provided indirectly by showing a linkage between the chromosomal localization, expression and vertical transmission of Mls and MMTV genes or products (Frankel et al., 1991; Woodland et al., 1991; Dyson et al., 1991; Marrack et al., 1991) , and more directly by showing that MMTV-transfected cells (Choi et al., 1991) In conclusion our data represent a major step forward by resolving the uncertainty and controversy about the existence of the T47D particles and by demonstrating their retroviral nature, their relationship to MMTV and their human and endogenous origin. The availability of purified and well-characterized T47D particles together with the cloning and sequencing of their genome will finally enable the questions related to the biological function of these particles and their involvement in human disease to be definitively answered.
